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COMPARATIVE ANALYSIS OF MATHEMATICAL MODELS FOR THE SCREW
UNIT IN SMALL CONTINUOUS-OPERATION PLASTERING MACHINES

ABSTRACT. The development of modern construction necessitates improving mechanized mortar
application methods. One of the key elements of small-sized continuous plastering units is the screw as-
sembly, which ensures uniform supply and mortars transportation.

Its effectiveness directly depends on the design parameters, physical and mechanical properties
of the material and operating conditions. To analyze the operation of the screw assembly, various mathe-
matical models are used to describe hydrodynamic processes, mechanical interactions between system
components and mortar flows characteristics.

Important criteria for choosing mathematical models are forecasting accuracy, implementation
complexity, and practical application. The article provides a detailed review of existing modeling ap-
proaches and identifies their features.

In the course of the study, a mathematical model’s comparative analysis used to describe the screw
operation assembly was carried out. Their advantages and disadvantages, as well as areas of application,
are established.

It is shown that each of the models has its own applicability limits and forecasting accuracy de-
pending on the type of working environment and unit design features. Recommendations for choosing the
most effective mathematical model for predicting the screw assembly operation of small-sized plastering
units are proposed.

The results obtained contribute to improving the efficiency of plastering units through a well-founded
choice of mathematical models for analyzing their work processes. The defined evaluation criteria can be
used to further improve theoretical approaches to calculating the characteristics of the screw assembly and
its optimization.

Keywords: screw assembly, small-sized plastering units, mathematical modeling, comparative
analysis, mortars.

1. Problem statement. Small-sized continuous plastering units are widely used in con-
struction due to their ability to ensure uniform application of mortars. However, their efficiency
largely depends on the screw unit operation, which performs the function of feeding and transport-
ing the mixture. During operation, problems arise associated with wear of parts, changes in the
physical and mechanical characteristics of mortars and work process instability [1].

The screw assembly operates in difficult conditions, accompanied by exposure to abrasive
particles, significant loads and variable parameters of the building mixture. This necessitates tak-
ing into account a wide range of factors during the design and unit operation. In addition, the
mixture physical and rheological properties may change during transportation, which affects the
efficiency of the unit and leads to unpredictable deviations in the material supply.

The development and selection of an adequate mathematical model that allows you to de-
scribe the working processes of the screw assembly as accurately as possible is a difficult task.
Existing mathematical models are divided into analytical, numerical and experimentally-statisti-
cal. Each of these approaches has both advantages and limitations[2]. Analytical models make it
possible to establish general patterns of node functioning, but are often based on simplified as-
sumptions about physical processes. Numerical methods provide high modeling accuracy, but re-
quire significant computational resources. Experimental-statistical approaches allow obtaining
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empirical data, but their application can be complicated due to experimental research complexity.
Another important aspect is the development of a universal criterion for evaluating mathematical
models’ effectiveness. Modern research offers different approaches to assessing the performance
of a screw assembly, but there is no single approach that would take into account all the necessary
parameters: energy efficiency, wear resistance, supply stability, influence of mixture physical and
mechanical characteristics, etc. This makes it difficult to choose the optimal model and its practical
application.

In view of the above, a systematic comparative analysis of existing mathematical models
describing the screw assembly operation in small-sized plastering units is needed. Such an analysis
will allow not only to identify their strengths and weaknesses, but also to determine the most suit-
able approaches for specific operating conditions. It is also important to form recommendations
for the use of different models depending on the technological requirements and parameters of the
mortar.

2. Analysis of recent sources and publications. Different researchers propose different
approaches to mathematical modeling of screw assembly’s operation. Mathematical modeling is a
key tool for optimizing mechanism operation, particularly screw assemblies in small-sized plas-
tering units [3].

The screw assembly acts as the main element for transporting and feeding building mix-
tures, and the efficiency of its operation directly affects the productivity of the unit as a whole.
Developing and improving mathematical models of these mechanisms is crucial for ensuring high
reliability and cost-effectiveness in construction processes.

Traditionally, screw assembly mathematical models rely on the fundamentals of fluid and
solid mechanics. One of the first modeling attempts used classical equations to describe fluid
movement through a screw in pipelines, considering factors like fluid compressibility, friction,
flow velocity changes, and mixture viscosity.

The authors of these developments believed that the most important parameters are the
pitch of the screw turn, its diameter, as well as the size of the gap between the screw and the
cylinder wall.

One example of such models was proposed by scientists in papers where the theory of mass
and energy transfer was used to determine the speed of working medium movement through the
propeller [4-6].

These models were based on the assumption that the solution was homogeneous and vis-
cous, and took into account only the mechanical aspects of motion.

Given that plaster mortars are complex non-Newtonian fluids with different properties, in-
cluding viscosity and ductility, there is a need to create more complex rheological models. y ac-
counting for the nonlinear interaction between the screw and the mixture, researchers achieve more
accurate modeling of real operating conditions.

One such model is the Bingham model, which is widely used to describe the flow of plastic
fluids. It allows you to accurately simulate the processes of mixing and transporting thick mortars,
such as plaster or cement mixture. According to this model, the fluid exhibits plasticity when a
certain limit stress is reached, after which it can flow like a viscous liquid.

An important point in the use of rheological models is their ability to take into account the
effect of temperature and humidity on the viscosity and fluidity of the solution, which significantly
increases the accuracy of modeling. Such models make it possible to predict not only the efficiency
of transporting solutions through screw assemblies, but also to optimize the design of the unit itself
to reduce energy costs [7].

With the development of technology and the need to increase the performance of units,
some researchers have proposed thermodynamic models that take into account the heat exchange
between the working surfaces of the screw and the environment. Such models are especially im-
portant when the working mixture experiences intense heating due to friction or when the medi-
um's temperature significantly affects the solution's properties. Taking into account such factors
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allows you to more accurately predict the behavior of the screw assembly in different temperature
conditions.

In the works of recent years, the authors have developed models in which the equations of
heat transfer and friction are integrated to analyze changes in the properties of the mixture during
its movement through the screw. This allows not only to increase the accuracy of mathematical
calculations, but also to ensure proper control over the quality of plaster application [8].

The modern development of numerical methods, such as the finite element method (FEM), opens
up new opportunities for more detailed modeling of screw assembly’s operation.

The difference between such models lies in the ability to accurately take into account com-
plex geometries of screw elements, deformations of materials and local unevenness of stress dis-
tribution.

Modern research employs multi-physics models that integrate mechanical, thermody-
namic, and rheological equations for more accurate simulations. Numerical methods enable the
analysis of screw assemblies at various operational stages, particularly in detecting areas of in-
creased wear or malfunction [9].

In addition, an important aspect is the use of technologies such as machine learning to
optimize the parameters of screw assemblies. This allows processing large amounts of experi-
mental data and identifying optimal solutions to improve the design and operation of the units.

3. Purpose of the work. The aim of this study is a comprehensive analysis of mathematical
models describing the screw unit operation in small-sized continuous-action plastering machines.
In particular, the comparison of different modeling approaches is envisaged, along with the assess-
ment of their accuracy, efficiency, and computational complexity. Particular attention is given to
identifying the key advantages and disadvantages of each method, as well as determining the op-
timal conditions for their application in engineering practice and scientific research

4. Research objectives. It is proposed to analyze existing mathematical models of the
screw unit operation, define the main criteria for model comparison, perform a comparative anal-
ysis based on the defined criteria, determine the optimal conditions for applying different models,
and provide recommendations for selecting the most effective mathematical model for predicting
the screw unit operation.

5. Discussion of research results. Classical mathematical models for screw units are based
on fluid mechanics and solid mechanics principles, using the laws of motion to describe the inter-
action between the screw and the fluid or mixture. The main task is to simulate the process of
transporting liquid or viscous mixtures through the screw assembly, taking into account the design
parameters and characteristics of the medium. Screw assemblies operate on a principle similar to
that of screw pumps, where fluid moves through a conduit or cavity that has a spiral surface. In
this case, the mathematical model of fluid motion can be described by an equation based on the
balance of forces and energy.

Under real conditions, the working mixture transported through the screw has the proper-
ties of a viscous liquid. In this case, the Navier-Stokes equation can be applied to describe the flow
of a viscous fluid in pipes or channels with complex geometry, in particular for helical assemblies.
The general Navier-Stokes equation in unreduced form for a stationary flow is of the form

p(%+v-ij:—Vp+yV2v+f (1)

where - p- liquid density, kg/m?; v - flow velocity vector, m/s; p - fluid pressure, Pa; p - dynamic
viscosity; f- external forces.

Screw pumps are used to pump a wide range of liquids, such as water, petroleum products,
and to move thick pastes, sludges, and mortars. After the fluid flow passes through the screw
channel, the liquid is transported along the pump axis. For this type of equipment, an important
characteristic is the volumetric flow of liquid, which determines the pumping efficiency.
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The liquid flow through the screw pump depends on several key factors, the most important
of which are the channel size, liquid viscosity, pressure difference between the pump's inlet and
outlet, and channel length.

To determine the volumetric flow through a pump operating under such conditions, a spe-
cial mathematical model can be used. One approach to the calculation is to apply a formula that
describes the volumetric flow based on the pump's main parameters and the liquid's properties.

When studying the mathematical model of a screw pump with a rheological component, it
can be built based on equations for flow velocity, liquid viscosity, and interaction with the pump
mechanism. One of the main approaches is to use equations that describe the liquid flow through
the screw channels of the pump. For rheological fluids, a generalized equation for flow velocity
can be applied, accounting for viscosity and changes in the flow structure:

_27r-R3-Ap
L-(u+ 1)

where Q — volumetric fluid flow, m*/s, R — pump channel radius, m, Ap — pressure difference
between pump inlet and outlet, Pa, L — channel length, m, p — dynamic viscosity of the liquid,
Pa-s, po — the base viscosity of the fluid, which characterizes its behavior at low flow rates, Pa-s.

The channel radius is an important parameter in a screw pump, as it directly determines the
amount of liquid that can be moved through the pump. With a larger channel radius, the amount
of liquid transported per unit of time increases. At the same time, increasing the radius leads to
changes in flow velocity and pressure, as it alters the flow geometry within the channel. This re-
quires taking such changes into account in the rheological properties of the liquid for more accurate
calculations.

The pressure difference between the pump's inlet and outlet is the main factor that drives
the liquid through the screw channel. Increasing the pressure difference enhances the flow veloc-
ity, which is particularly important for pumps handling high-viscosity liquids or large volumes.
However, this also increases energy consumption and can affect equipment durability, as higher
pressure imposes additional loads on the pump's mechanical components.

Liquid viscosity is one of the key characteristics that determine the liquid's flow ability.
For high-viscosity liquids (such as thick pastes, slurries, or construction mixtures), higher pressure
must be generated to ensure flow through the pump. Since the viscosity of such liquids changes
depending on the flow velocity, this must be considered in calculations using dynamic viscosity.
As flow velocity changes, viscosity can increase or decrease, which can affect the pump's effi-
ciency.

Base viscosity is a property of the liquid that determines its ability to flow under low flow
velocity conditions.

Base viscosity is a value used as a constant to assess changes in the liquid's properties
depending on fluctuations in its flow velocity. Liquids with high base viscosity generally create
much greater resistance during movement, which in turn leads to reduced pump efficiency, espe-
cially at high flow velocities. This effect is crucial for understanding liquid dynamics under various
operating conditions, as an increase in viscosity can lead to a significant rise in energy consump-
tion and a decrease in system productivity.

The channel length is also an important factor in flow calculations. Increasing the channel
length typically leads to a decrease in flow, as the liquid encounters more 'resistance’ along its
path. This can be particularly important when designing pumps with long channels, as reducing
the channel length can improve pump efficiency.

The rheological properties of the liquid determine how it behaves when flowing through a
screw pump. For some liquids, such as water, oils, or gases, viscosity can be considered constant.

)
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However, for rheological fluids, such as slurries, cement mixtures, or pastes, viscosity changes
depending on the flow velocity.

For rheological fluids, the previously mentioned Bingham model or other models describ-
ing viscosity changes depending on flow velocity are often used. In such cases, flow calculations
through a screw pump may require additional correction factors to accurately reflect the impact of
viscosity changes on pump efficiency.

T=Tt1"7, 3)

where 1 - shear stress, Pa; 7, - yield point, Pa; 7 - plastic viscosity, Pa-s;y - shear Speed, 1/s.

Bingham's model is based on two main characteristics: fluidity and viscosity. It describes
fluids that require a certain minimum force to start moving. Such a fluid will not flow if the applied
force is less than a certain threshold, which is called the "yield threshold". This makes it possible
to describe the rheological behavior of substances, such as clay or dirty liquids, which behave like
solids until a certain threshold of strength is reached, and after overcoming it, behave like liquids.

When studying this model, it is especially important to take into account the design of
screw pumps used to transport thick liquids containing large amounts of solid particles or pasty
substances. Because these fluids are not ideal and viscous, their behavior when moving through
the pump requires a specific modeling approach. Considering the complexity of their movement,
the model must describe not only the change in viscosity, but also the interaction of the liquid with
solid particles, which affects the pumping efficiency. Therefore, in order to accurately predict the
operation of pumps under such conditions, it is necessary to take into account many factors that
can affect work processes, including changes in viscosity depending on the flow rate, particle
characteristics and other physical properties of the fluid.

Reducing pitch increases the number of turns per unit length of the screw, resulting in
slower but more stable fluid movement. This is especially important when transporting thick and
viscous materials, as the small step allows for a more uniform and consistent flow, reducing the
risk of clogging the pump. Such a screw copes better with liquids containing solid particles or
having high viscosity (Fig. 1).
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Figure 1. Screw with changed geometric dimensions and ridge pitch

Screw pumps work by creating mechanical energy that causes fluids to move, and Bing-
ham's model allows you to accurately predict how much energy is needed to move such fluids
through the system.

In addition, the yield threshold is important in determining under what conditions the fluid
will begin to flow. This can be useful for determining the energy costs of pumping and optimizing
pump designs for handling different types of liquids.

Considering the yield threshold, we can say that it can be used to describe the minimum
force or stress that must be applied for the fluid to start flowing. If the force acting on the fluid is
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less than the yield threshold, the fluid behaves like a solid. This can be important for processes
where it is necessary for the fluid to remain stable or stationary until a certain load is applied.

Plastic viscosity as an indicator determines the resistance of a fluid to deformation after it
has begun to flow. High ductile viscosity indicates that the fluid strongly resists flow, even after
the yield threshold has been overcome. For fluids with low viscosity, on the other hand, the move-
ment will be easier and they are able to flow with less applied force.

Shear velocity tells us how quickly a fluid is deformed by the applied force. It is defined
as the ratio of the change in velocity to distance. It is important for determining how fast a fluid
will move through a pump or pipe under certain loading conditions.

When studying the flow through the helical channel, you can use a modified version of the
Darcy-Weisbach equation, which takes into account the rheological properties of the fluid:

QzZﬁ-T-Ap[ 1 j @
H~+ Hy

The Darcy-Weisbach equation has a number of assumptions and limitations. One of the
main assumptions is that fluid flow occurs under conditions of a linear relationship between flow
rate and pressure drop, which occurs only at low flow rates, when inertial effects can be ignored.
For faster flows, where these effects become significant, more complex models such as the Navier-
Stokes equation need to be used.

Another constraint is the assumption of the constancy of the porosity of the medium and
the constant viscosity of the liquid. In real conditions, these parameters can change, which requires
the use of more complex models.

In the general case, for a rheological model of a non-Newtonian fluid that does not have a
yield threshold, the dependence of viscosity on the flow rate can be taken into account.

For a more accurate mathematical model of a screw pump that takes into account thermo-
dynamic processes, it is necessary to consider factors such as heat loss, changes in pressure and
temperature in the liquid, as well as the viscosity and change in state of the fluid as it moves.

The liquid pumped by the pump can be considered to be subject to changes in pressure and
temperature when moving through the channel. As a result of the mechanical work performed by
the pump, the temperature of the liquid may rise due to friction between the fluid and the walls of
the channel.

Given the thermodynamic process, changes in temperature can be described by the equa-
tion:

Q=AT-C,m, (5)

where Q — the amount of heat absorbed or released by the liquid; AT — fluid temperature change;
C, — specific heat capacity of a liquid at constant pressure; m — mass of the pumped liquid.

Thermal processes can also affect the viscosity of the liquid. As the temperature increases,
the viscosity of the fluid may decrease, which in turn will affect the flow rate and efficiency of the

pump.
To describe the dependence of viscosity on temperature, the Arrhenius equation is used:

Ea

u(T) =ty -e™ (6)

where p(T) — viscosity of a liquid at temperature; 1, — fluid viscosity at standard temperature;

E, — activation energy; R — universal gas constant; T — liquid temperature.

The general mathematical model of a screw pump, which takes into account thermody-
namic and rheological factors, describes the process of pumping a liquid through a pump, taking
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into account its rheological properties, temperature changes and pressure drop. The model inte-
grates equations for fluid flow, flow rate, and heat and energy losses.

The basis of the model is an equation that determines the flow rate of the fluid through the
pump, taking into account the cross-sectional area and flow rate, which depends on the pressure
drop and the fluid's flow threshold.

The viscosity of the fluid changes with the temperature, which is described by the Arrhe-
nius equation, which makes it possible to adjust the flow depending on the operating conditions of
the pump.

The rheological properties of the fluid are described through the Bingham model, which
takes into account the yield threshold and plastic viscosity, which is important for more accurate
flow modeling in fluids such as mortars.

In addition, the model takes into account energy losses and power consumed by the pump,
which allows optimizing its efficiency and ensuring stable operation under conditions of variable
temperatures and fluid composition.

This model is the basis for more accurate calculations and design of screw pumps for pump-
ing various types of liquids, including viscoplastic materials widely used in construction. The gen-
eral mathematical model in this case for screw pumps will be as follows:

Q-AL0, ™

Hy -8R

where Q — fluid flow rate, m?/s; A — cross-sectional area of the pump channel, m?; AP — differ-
ential pressure, Pa; 7, — yield point, Pa; z, — viscosity at standard temperature, Pa's; E, —
activation energy, J/mol; R — universal gas constant, 8.314 J/mol K; T — liquid temperature, K.

Thus, the resulting model of the screw pump is a universal tool for predicting the effi-
ciency of its operation under various fluid parameters, such as temperature, viscosity, yield thresh-
old and pressure drop. This allows engineers to optimize the pump design and ensure stable and
efficient pump operation under various conditions of pumping mortars and other viscoplastic ma-
terials.

The mathematical model can be applied to calculate pump parameters in various indus-
tries, including construction, chemical and oil industries, where it is important to take into account
the rheological and thermodynamic properties of liquids.

6. Conclusion. In the course of the analysis of mathematical models of screw pumps and
the development of a complete mathematical model that takes into account the thermodynamic
and rheological properties of the liquid, important results were achieved to improve the theoretical
foundations of the calculation and design of such pumping units. This allows you to more accu-
rately predict the efficiency of screw pumps when pumping viscoplastic fluids, such as mortars or
cement mixtures. Due to the inclusion of various factors such as viscosity, temperature, yield
threshold, pressure drop and thermodynamic changes, the model allows for a more detailed assess-
ment of the performance of pumps under real operating conditions.

The mathematical models of screw pumps considered in the work, including classical mod-
els and models that take into account the rheological properties of liquids, make it possible to
understand the basic principles of calculating pumping units. Classical mathematical models based
on the basic laws of fluid mechanics make it possible to determine the flow rate of fluid through
the pump at a given pressure drop, but these models do not always take into account the influence
of the rheological properties of liquids, which is important for the accuracy of calculations in cases
where the fluid has nonlinear characteristics, as is the case with viscoplastic materials.

In research, particularly in the construction industry, various rheological models are often
used to describe viscoplastic fluids, among which the Bingham model stands out. This model al-
lows you to take into account the fluidity threshold, which is a critical parameter in pump calcula-
tions, since it determines at what value of the shear stress the fluid begins to move. However,
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standard models that do not take into account rheological properties have significant limitations,
since they are not able to accurately model the behavior of fluids with nonlinear viscosity or vis-
coplasticity. As a result of the study, a new model was developed that allows taking into account
both classical mechanical parameters (pressure drop, flow rate, cross-sectional area of the channel)
and rheological properties of the fluid, which determine its viscosity and yield threshold.

The inclusion of rheological parameters such as yield threshold and temperature in this
model greatly improves the accuracy of calculations, especially for viscoplastic fluids. The vis-
cosity of the liquid in the model is described in terms of the Arrhenius equation, which takes into
account changes in viscosity with changes in temperature. This is critical to providing more accu-
rate forecasts of pump performance under variable temperature conditions, which is typical for
many industrial processes where the temperature can vary depending on the environment or pump-
ing conditions.

In addition, thermodynamic factors such as heat loss and power consumption by the pump
are also introduced into the model.

One of the key aspects that greatly improves the accuracy of the model is taking into ac-
count the rheological properties of the fluid, such as the yield threshold and temperature. The rhe-
ological properties of liquids directly affect the shear rate and flow of fluid through the pump.
Viscoplastic fluids require higher shear stress values to start moving, and this is taken into account
by our model because of the yield threshold parameter. In addition, a change in temperature can
significantly change the viscosity of the liquid, which is also taken into account in the model due
to the temperature dependence of viscosity.

The developed model is a universal tool for the analysis and design of screw pumps, in
particular for pumping viscoplastic fluids such as mortars. The model allows you to accurately
assess how changes in fluid rheological properties, temperature, and pressure affect pump effi-
ciency, allowing designers and engineers to optimize pump parameters for specific operating con-
ditions. This is especially important in industries such as construction, chemicals, and oil produc-
tion, where a wide range of variable parameters must be taken into account to achieve maximum
efficiency.
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